Abstract: Satellite aerosol and cloud climate data records (CDRs) have been used successfully to study the aerosol indirect effect (AIE). Data from the Advanced Very High Resolution Radiometer (AVHRR) now span more than 30 years and allow these studies to be conducted from a climatology perspective. In this paper, AVHRR data are used to study the AIE on water clouds over the global oceans. Correlation analysis between aerosol optical thickness (AOT) and cloud parameters, including cloud droplet effective radius (CDER), cloud optical depth (COD), cloud water path (CWP), and cloud cover fraction (CCF), is performed. For the first time from satellite observations, the long-term trend in AIE over the global oceans is also examined. Three regimes have been identified: (1) AOT < 0.08, where CDER increases with AOT; (2) 0.08 < AOT < 0.3, where CDER generally decreases when AOT increases; and (3) AOT > 0.3, where CDER first increases with AOT and then levels off. AIE is easy to manifest in the CDER reduction in the second regime (named Regime 2), which is identified as the AIE sensitive/effective regime. The AIE manifested in the consistent changes of all four cloud variables (CDER, COD, CWP, and CCF) together is located only in limited areas and with evident seasonal variations. The long-term trend of CDER changes due to the AIE of AOT changes is detected and falls into three scenarios: Evident CDER decreasing (increasing) with significant AOT increasing (decreasing) and evident CDER decreasing with limited AOT increasing but AOT values fall in the AIE sensitive Regime 2.
Introduction
Cloud microphysical structures and properties play an important role in the cloud-radiativeprecipitation feedbacks and provide a critical link between the energy and hydrological cycles of Earth's climate system. Atmospheric aerosol in the accumulation mode is the major source of cloud condensation nuclei and is therefore critical for the formation of cloud microphysical structures and properties [1] [2] [3] . Hygroscopic aerosol particles are called condensation nuclei (CN) . A CN that can be activated by growth into the sub-micron size regime by absorption of water vapor in the cloud environment are called cloud condensation nuclei (CCN) . Changes in atmospheric aerosols due to anthropogenic emissions will result in the modification of CCN and cloud microphysical properties, which will further change the cloud effect on the radiation budget and precipitation efficiency. This entire process is named as the aerosol indirect effect (AIE) [4] [5] [6] [7] [8] [9] [10] .
Climatology Analysis and Results

Analysis Methodology
In order to evaluate AIE of water clouds over global ocean using the satellite observation, we analyze the correlations between AOT (or τ), which is considered as a proxy of column aerosol concentration [9, 28, 33, 36, 37, 73] , and cloud parameters, including CDER (or r e ), COD (or τ c ), CWP, and CCF. CDER and COD are retrieved directly from the satellite radiances while CWP is computed from CDER and COD. Their relationship can be expressed by the following equation [74, 75] :
where ρ is the density of liquid water. When aerosol concentration increases (or AOT increases) and the cloud base is coupled with the marine boundary layer, more aerosols will be transported into the cloud layer to become activated CCN and grow to cloud droplets with smaller CDER given fixed cloud liquid water content (or constant CWP) [76, 77] . Then COD will increase according to Equation (1) . This chain of changes triggered by aerosol loading increase and described by Equation (1) with fixed CWP is the conventional first AIE mentioned in the introduction. Reduced CDER may further suppress precipitation efficiency and increase cloud lifetime and CCF along with the increase in CWP, which is the aforementioned conventional second AIE. Since CWP is derived from CDER and COD in our satellite observations, we hesitate to use CWP as an independent variable to detect the lifetime effect. However, CCF can be used as an independent variable to detect the cloud lifetime aerosol effect because it is derived independently from CDER and COD. A cloud detection algorithm based on the naïve Bayesian probabilistic methodology was used to determine PATMOS-x AVHRR cloud cover fraction. The algorithm was trained and validated by using CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) lidar observations. For an AVHRR GAC pixel (~5 km in size), its cloud fraction was computed from five pixels of CALIPSO that were closest to the center of the AVHRR GAC pixel. Detailed description of the cloud detection algorithm can be found in Heidinger et al. [70] .
Since the assumption of constant CWP in Equation (1) holds only occasionally for some scenarios in the real world due to the influence of cloud dynamics and meteorological circumstances, the conventional correlation changes of COD, CWP, and CCF with CDER (caused by increased aerosol loading) described in the first and second AIEs only hold for specific meteorological circumstances and cloud regimes [10] . Shao and Liu [73] found that the response of CDER, COD, CWP, and CCF to the increased aerosol loading for marine stratocumulus off the coast of California can be variable, which is determined by the coupled effects of aerosol loading and macro-scale cloud depth (or cloud dynamics) on cloud droplet size due to their coherent pattern. As a result, satellite derived correlation between AOT and CDER, COD, CWP, and CCF can be either negative, or positive, or neutral depending on the location and regime of the clouds [10, 35, 73] . Therefore, for the regions where AOT is negatively correlated with CDER from satellite observations, the AIE is manifested and detectable by the satellite observation. If positive correlations of AOT with COD, CWP, and CCF are also observed simultaneously in the same regions where AOT negatively correlated with CDER, the AIE detected by CDER reduction in the satellite observation is further manifested in the satellite observed changes in COD, CWP, and CCF. For the regions with positive or no correlation between AOT and CDER, the AIE may still happen but it is overridden by the cloud dynamic effect as suggested by Shao and Liu [73] . In this case, the AIE cannot be detected by the satellite observation.
Results
The analysis of the satellite AIE climatology, based on the long-term AVHRR cloud and aerosol climate data records, is presented in the following subsections. Table 1 also) mark the locations selected for regional survey studies shown later. It is seen the AOT values over the coastal oceanic regions are generally higher than those over the remote oceans due to the abundant continental aerosols flowing out from their source regions over land. For example these continental aerosols can include dust aerosols over the west coast of North Africa, biomass burning aerosols over the west coast of Central/South Africa, and industrial pollution and dust over Arabian Sea and the northeast coast of China. Most of these aerosols with continental origin are hygroscopic and can be transported into the cloud layer, especially in the coupled boundary condition [76] , to become activated CCN and modify the cloud microphysical properties. AOT values over the northern hemisphere (NH) are generally higher than over the southern hemisphere (SH) due to the greater abundance of continental aerosols in the NH. Thus, it is not hard to imagine that the AIE should be more active in the NH than in the SH, which will be confirmed in the analysis below. Figure 1 shows the distribution of long-term (1981-2011) averaged monthly mean AOT over the global ocean. The 21 red boxes (see Table 1 also) mark the locations selected for regional survey studies shown later. It is seen the AOT values over the coastal oceanic regions are generally higher than those over the remote oceans due to the abundant continental aerosols flowing out from their source regions over land. For example these continental aerosols can include dust aerosols over the west coast of North Africa, biomass burning aerosols over the west coast of Central/South Africa, and industrial pollution and dust over Arabian Sea and the northeast coast of China. Most of these aerosols with continental origin are hygroscopic and can be transported into the cloud layer, especially in the coupled boundary condition [76] , to become activated CCN and modify the cloud microphysical properties. AOT values over the northern hemisphere (NH) are generally higher than over the southern hemisphere (SH) due to the greater abundance of continental aerosols in the NH. Thus, it is not hard to imagine that the AIE should be more active in the NH than in the SH, which will be confirmed in the analysis below. Table 1 also) are locations selected for regional survey study later. Table 1 . Latitude/longitude bounds of twenty-one regions selected for a regional survey study and marked by the red box in Figure 1 . Figure 2 . It is seen in Figure 2a that CDER values are generally below 10 µm over land and larger than 10 µm and 13 µm over the coastal and remote oceans, respectively. This is because aerosol loadings over land source regions are generally higher than over oceanic Table 1 also) are locations selected for regional survey study later. Table 1 . Latitude/longitude bounds of twenty-one regions selected for a regional survey study and marked by the red box in Figure 1 . Figure 2 . It is seen in Figure 2a that CDER values are generally below 10 µm over land and larger than 10 µm and 13 µm over the coastal and remote oceans, respectively. This is because aerosol loadings over land source regions are generally higher than over oceanic regions so that the AIE is more active over land than over ocean. The AIE is also more active over the coastal oceans than over the remote oceans due to abundant continental aerosols outflow from land (see Figure 1 ). This land and ocean contrast of CDER due to the AIE was also noticed by some previous global studies based on relatively short-length of satellite observations [9, 31, 52] . It was found by Sekiguchi et al. [35] that reduced CDER can only be identified along coastal regions where abundant continental aerosols flow out from land rather than in remote oceanic regions. This is corroborated by the gradual CDER increase from the coastal oceanic regions (with the values in the range of 10-13 µm) to the remote oceanic regions (with the values larger than 13 µm) seen in Figure 2a . Mean AOT over NH oceans (~0.16) is also higher than its SH counterpart (~0.10) due to more continental aerosols in the NH. Correspondingly, CDER also shows consistent hemispheric contrast with a mean value of 12.5 µm in the NH and 14.2 µm in the SH. AIE emerges not only in the reduction of CDER but also in the increase of CWP and COD (see Figure 2b ,c) over the east coastal regions of China and North America, Bolivia, Argentina, and North Atlantic Ocean (>40˝N). It is hard to see any aerosol indirect effects in the distribution of CCF displayed in Figure 2d . However, it is worth mentioning some interesting features of CCF distribution, which may facilitate the CCF related AIE discussions later. Regions with higher CCF of water clouds are located in several oceanic areas near the west coasts of the continents (including California/Mexico, central South America, South Europe/North Africa, South Africa, and Australia) along with Arabian Sea and the southeast coast of China. regions so that the AIE is more active over land than over ocean. The AIE is also more active over the coastal oceans than over the remote oceans due to abundant continental aerosols outflow from land (see Figure 1 ). This land and ocean contrast of CDER due to the AIE was also noticed by some previous global studies based on relatively short-length of satellite observations [9, 31, 52] . It was found by Sekiguchi et al. [35] that reduced CDER can only be identified along coastal regions where abundant continental aerosols flow out from land rather than in remote oceanic regions. This is corroborated by the gradual CDER increase from the coastal oceanic regions (with the values in the range of 10-13 µm) to the remote oceanic regions (with the values larger than 13 µm) seen in Figure  2a . Mean AOT over NH oceans (~0.16) is also higher than its SH counterpart (~0.10) due to more continental aerosols in the NH. Correspondingly, CDER also shows consistent hemispheric contrast with a mean value of 12.5 µm in the NH and 14.2 µm in the SH. AIE emerges not only in the reduction of CDER but also in the increase of CWP and COD (see Figure 2b ,c) over the east coastal regions of China and North America, Bolivia, Argentina, and North Atlantic Ocean (>40°N). It is hard to see any aerosol indirect effects in the distribution of CCF displayed in Figure 2d . However, it is worth mentioning some interesting features of CCF distribution, which may facilitate the CCF related AIE discussions later. Regions with higher CCF of water clouds are located in several oceanic areas near the west coasts of the continents (including California/Mexico, central South America, South Europe/North Africa, South Africa, and Australia) along with Arabian Sea and the southeast coast of China. The zonal distribution of CDER for long-term averaged monthly mean data is displayed in Figure 3 . It is seen CDER values over land are systemically lower than over ocean due to the AIE, which is consistent with the finding by Han et al. [31] , Bréon et al. [9] , and Suzuki et al. [52] . However, land and ocean contrast is not manifested in zonal mean COD, CWP, and CCF as in CDER (not shown). The zonal distribution of CDER for long-term averaged monthly mean data is displayed in Figure 3 . It is seen CDER values over land are systemically lower than over ocean due to the AIE, Figure 4 shows the correlation plot between AOT and the logarithm of CDER for long-term averaged global monthly mean data. Three regimes can be identified: (1) AOT < 0.08, where CDER increases with AOT; (2) 0.08 < AOT < 0.3, where CDER generally decreases when AOT increases; and (3) AOT > 0.3, where CDER first increases with AOT and then levels off. A majority of the sample points falls in the second regime (named Regime 2 hereafter). When aerosol loading is low and falls in the first regime (named Regime 1 hereafter), the supersaturation is probably sufficient to maintain the activation of aerosols and their continuous growth to larger cloud droplets. Thus, CDER and AOT increase together. When aerosol loading reaches into Regime 2, more activated aerosols participate in the intense competition for the water vapor so that their growth to larger cloud droplets is suppressed. As a result, CDER decreases with AOT increases in Regime 2 (the first AIE), which becomes saturation in the negative response when AOT approaches to about 0.3. If aerosol loading further increases to the third regime (named Regime 3 hereafter), intense competition for water vapor evaporates the smaller droplets while the larger droplets will continue to grow at the expense of the smaller droplets until a new equilibrium is established. As a result, CDER increases first with AOT and levels off gradually in the Regime 3. Thus, the conventional AIE is only manifested in the form of CDER decreasing with AOT increasing in Regime 2.
Region
A similar correlation feature in Regime 2 along with the AOT saturation threshold (~0.3) has been noticed in some previous global correlation studies based on limited-length of satellite observations (e.g., [27, 33, 35] ). Even though the correlation features in Regimes 1 and 3 haven't been reported in the previous observational studies, theoretic analysis and analytical model simulations (e.g., [3, 27, 78] ) did find the correlation features similar to those identified in Regimes 1 and 3. Thus, it is worth to further exploring these two new regimes from both aspects of cloud microphysics and dynamics in future studies using model simulations, in-situ measurements and satellite observations. Figure 4 shows the correlation plot between AOT and the logarithm of CDER for long-term averaged global monthly mean data. Three regimes can be identified: (1) AOT < 0.08, where CDER increases with AOT; (2) 0.08 < AOT < 0.3, where CDER generally decreases when AOT increases; and (3) AOT > 0.3, where CDER first increases with AOT and then levels off. A majority of the sample points falls in the second regime (named Regime 2 hereafter). When aerosol loading is low and falls in the first regime (named Regime 1 hereafter), the supersaturation is probably sufficient to maintain the activation of aerosols and their continuous growth to larger cloud droplets. Thus, CDER and AOT increase together. When aerosol loading reaches into Regime 2, more activated aerosols participate in the intense competition for the water vapor so that their growth to larger cloud droplets is suppressed. As a result, CDER decreases with AOT increases in Regime 2 (the first AIE), which becomes saturation in the negative response when AOT approaches to about 0.3. If aerosol loading further increases to the third regime (named Regime 3 hereafter), intense competition for water vapor evaporates the smaller droplets while the larger droplets will continue to grow at the expense of the smaller droplets until a new equilibrium is established. As a result, CDER increases first with AOT and levels off gradually in the Regime 3. Thus, the conventional AIE is only manifested in the form of CDER decreasing with AOT increasing in Regime 2.
A similar correlation feature in Regime 2 along with the AOT saturation threshold (~0.3) has been noticed in some previous global correlation studies based on limited-length of satellite observations (e.g., [27, 33, 35] ). Even though the correlation features in Regimes 1 and 3 haven't been reported in the previous observational studies, theoretic analysis and analytical model simulations (e.g., [3, 27, 78] ) did find the correlation features similar to those identified in Regimes 1 and 3. Thus, it is worth to further exploring these two new regimes from both aspects of cloud microphysics and dynamics in future studies using model simulations, in-situ measurements and satellite observations. The expected increase of COD associated with the decrease of CDER in Regime 2 due to the conventional AIE is not observed for the current long-term averaged monthly mean data. Sekiguchi et al. [35] pointed out that averaging procedures with shorter temporal periods (e.g., one day) in the satellite data analysis of aerosol-cloud interaction may produce different results from the averaging procedures with longer temporal periods (e.g., one month). The averaging process with longer temporal periods may obscure the cloud-aerosol interaction signature (such as the COD increase due to AIE). They suggested the daily averaging is more suitable for capturing the AIE signature than the monthly averaging for COD. By looking at the global maps of long-term averaged monthly mean CDER, COD, and CWP in Figure 2 , we can see the AIE signature in the change of CDER is evident from land to coastal oceans and further to remote oceans while the AIE signature in the change of COD and CWP are only noticeable in limited locations. Thus, it is not hard to imagine the global statistics based on the long-term averaged monthly mean COD and CWP may damp or obscure the AIE signature contained in the COD (or CWP) change more than for CDER. At the same time, the averaging process may make some features associated with the cloud dynamic effect more distinct, which can also smear the AIE signature in the long-term averaged satellite observations.
To better identify the oceanic regions with clear manifestation of AIE in CDER, COD, CWP, and CCF, linear correlations between AOT and CDER, COD, CWP, and CCF have been calculated for 2.5° × 2.5° spatial grid over global oceans using their long-term averaged monthly mean values in 0.1° × 0.1° spatial resolution. Thus, the correlation coefficients reflect the relationship between AOT and each cloud variable in the spatial space. The expected increase of COD associated with the decrease of CDER in Regime 2 due to the conventional AIE is not observed for the current long-term averaged monthly mean data. Sekiguchi et al. [35] pointed out that averaging procedures with shorter temporal periods (e.g., one day) in the satellite data analysis of aerosol-cloud interaction may produce different results from the averaging procedures with longer temporal periods (e.g., one month). The averaging process with longer temporal periods may obscure the cloud-aerosol interaction signature (such as the COD increase due to AIE). They suggested the daily averaging is more suitable for capturing the AIE signature than the monthly averaging for COD. By looking at the global maps of long-term averaged monthly mean CDER, COD, and CWP in Figure 2 , we can see the AIE signature in the change of CDER is evident from land to coastal oceans and further to remote oceans while the AIE signature in the change of COD and CWP are only noticeable in limited locations. Thus, it is not hard to imagine the global statistics based on the long-term averaged monthly mean COD and CWP may damp or obscure the AIE signature contained in the COD (or CWP) change more than for CDER. At the same time, the averaging process may make some features associated with the cloud dynamic effect more distinct, which can also smear the AIE signature in the long-term averaged satellite observations.
To better identify the oceanic regions with clear manifestation of AIE in CDER, COD, CWP, and CCF, linear correlations between AOT and CDER, COD, CWP, and CCF have been calculated for 2.5˝ˆ2.5˝spatial grid over global oceans using their long-term averaged monthly mean values in 0.1˝ˆ0.1˝spatial resolution. Thus, the correlation coefficients reflect the relationship between AOT and each cloud variable in the spatial space. Figure 5 shows global distribution of linear correlation slope for log 10 (AOT) vs. log 10 (CDER), log 10 (COD), log 10 (CWP), and CCF, respectively. The AIE manifested with distinct negative linear correlation slope of log 10 (AOT) vs. log 10 (CDER) is observed in Figure 5a longitude; and (f) the west coast of central South America. These six areas extending from the coastal oceans with offshore continental aerosol influence to the remote oceans will be mentioned several times in the following discussions so that they are named hereafter as area "CH-NPO", "US-NAO", "AS", "Tro-AO", "Tro-SPO", and "WcSAm", respectively.
(see Figure 5d ). Distinct positive correlation between AOT and CCF is also observed in the west costal oceans of several continents (such as central South America, South Africa, and Australia), where higher cloud fraction of marine water clouds are expected (see Figure 2d ) but the corresponding AIE signature is only somewhat noticeable in the AOT and CDER correlation (see Figure 5a ) and is not observed in the correlation of AOT vs. COD and CWP (see Figure 5b,c) . This is probably a signature of the second AIE (lifetime effect) but needs to be confirmed by future research. The distinct positive (or negative) correlation feature observed in the tropical uplifting zone of the atmospheric circulation (or the corresponding subsidence zones over the south and north subtropical oceans) may be a signature of the cloud dynamic effect rather than the signature of AIE, which also warrants a future investigation. 
Seasonal Features
Long-term averaged AOT and CDER for each month are shown in Figure 6 . AOT values averaged for NH oceans are evidently higher than that averaged for SH oceans in MAM (March, April, May), JJA (June, July, August), and early SON (September, October, November) but close to each other in late SON and early DJF (December, January, February). CDER over ocean is about 4 µm larger than over land for all months and the NH values are systemically lower than their SH counterparts for nearly all the months due to the AIE. The AIE should manifest itself correspondingly as a positive linear correlation slope of log 10 (AOT) vs. log 10 (X) where X is any one of the cloud products used here (COD, CWP and CCF). The AIE signal in COD is seen only over three of the above six areas, CH-NPO, US-NAO, and WcSAm (see Figure 5b) , with reduced spatial coverage. The AIE signal in CWP is only observed in CH-NPO and US-NAO areas but with much more reduced spatial coverage (see Figure 5c ). The AIE signal in CCF is observed in CH-NPO and AS areas with much more reduced spatial coverage and magnitude (see Figure 5d ). Distinct positive correlation between AOT and CCF is also observed in the west costal oceans of several continents (such as central South America, South Africa, and Australia), where higher cloud fraction of marine water clouds are expected (see Figure 2d ) but the corresponding AIE signature is only somewhat noticeable in the AOT and CDER correlation (see Figure 5a ) and is not observed in the correlation of AOT vs. COD and CWP (see Figure 5b,c) . This is probably a signature of the second AIE (lifetime effect) but needs to be confirmed by future research. The distinct positive (or negative) correlation feature observed in the tropical uplifting zone of the atmospheric circulation (or the corresponding subsidence zones over the south and north subtropical oceans) may be a signature of the cloud dynamic effect rather than the signature of AIE, which also warrants a future investigation.
Long-term averaged AOT and CDER for each month are shown in Figure 6 . AOT values averaged for NH oceans are evidently higher than that averaged for SH oceans in MAM (March, April, May), JJA (June, July, August), and early SON (September, October, November) but close to each other in late SON and early DJF (December, January, February). CDER over ocean is about 4 µm larger than over land for all months and the NH values are systemically lower than their SH counterparts for nearly all the months due to the AIE. Global distribution maps of the long-term averaged AOT for each season are shown in Figure 7 . There are distinct seasonal variations in AOT, especially in the oceanic regions influenced by continental aerosols due to dynamic transport. The outflow of continental aerosols to downstream coastal oceanic regions is the strongest in MAM and JJA, weakest in SON, and moderate in DJF. The global maps of the linear correlation slope for log10(AOT) vs. log10(CDER), log10(COD), log10(CWP), and CCF in each season are shown in Figures 8-11 , respectively. For CDER (see Figure  8) , the AIE manifested in CH-NPO, US-NAO, and AS areas (defined above in Figure 5 ) is most evident in MAM. The AIE in Tro-AO area is a year round feature with some changes in the exact location and intensity. The AIE in Tro-SPO and WcSAm areas is moderate and with less seasonal variations. The corresponding AIE manifested in COD appears only in CH-NPO area (maximal in both intensity and coverage in MAM) and US-NAO area (maximal in both intensity and coverage in JJA) in Figure 9 . The AIE manifested in CWP enhancement, when considered together with the AIE of CDER and COD, is only noticeable for CH-NPO area in MAM and somewhat noticeable for US- Global distribution maps of the long-term averaged AOT for each season are shown in Figure 7 . There are distinct seasonal variations in AOT, especially in the oceanic regions influenced by continental aerosols due to dynamic transport. The outflow of continental aerosols to downstream coastal oceanic regions is the strongest in MAM and JJA, weakest in SON, and moderate in DJF. The global maps of the linear correlation slope for log10(AOT) vs. log10(CDER), log10(COD), log10(CWP), and CCF in each season are shown in Figures 8-11 , respectively. For CDER (see Figure  8) , the AIE manifested in CH-NPO, US-NAO, and AS areas (defined above in Figure 5 ) is most evident in MAM. The AIE in Tro-AO area is a year round feature with some changes in the exact location and intensity. The AIE in Tro-SPO and WcSAm areas is moderate and with less seasonal variations. The corresponding AIE manifested in COD appears only in CH-NPO area (maximal in both intensity and coverage in MAM) and US-NAO area (maximal in both intensity and coverage in JJA) in Figure 9 . The AIE manifested in CWP enhancement, when considered together with the AIE of CDER and COD, is only noticeable for CH-NPO area in MAM and somewhat noticeable for US- The global maps of the linear correlation slope for log 10 (AOT) vs. log 10 (CDER), log 10 (COD), log 10 (CWP), and CCF in each season are shown in Figures 8-11 respectively. For CDER (see Figure 8) , the AIE manifested in CH-NPO, US-NAO, and AS areas (defined above in Figure 5 ) is most evident in MAM. The AIE in Tro-AO area is a year round feature with some changes in the exact location and intensity. The AIE in Tro-SPO and WcSAm areas is moderate and with less seasonal variations. The corresponding AIE manifested in COD appears only in CH-NPO area (maximal in both intensity and coverage in MAM) and US-NAO area (maximal in both intensity and coverage in JJA) in Figure 9 . The AIE manifested in CWP enhancement, when considered together with the AIE of CDER and COD, is only noticeable for CH-NPO area in MAM and somewhat noticeable for US-NAO area in JJA (see Figure 10 ).
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The AIE manifested in CCF enhancement in CH-NPO and AS areas (identified in Figure 5d ) is more evident (see Figure 11 ) in MAM and JJA, respectively. MAM and JJA are the season that AOTs are also in the highest values, respectively, over the two areas (see Figure 7) . The AIE manifested in CCF enhancement over the west coast of central South America is more evident in SON, which is consistent with the seasonal variations of AOT values in the region. The AIE manifested in CCF enhancement over the west coast of South Africa is more evident in JJA and SON, which are also the seasons that AOTs are in the highest values in the region. Thus, the AIE manifested clearly for all four cloud variables (CDER, COD, CWP, and CCF) together are in limited locations and with evident seasonal variations, but are generally consistent with the AOT seasonal variations. The AIE manifested in CCF enhancement in CH-NPO and AS areas (identified in Figure 5d ) is more evident (see Figure 11 ) in MAM and JJA, respectively. MAM and JJA are the season that AOTs are also in the highest values, respectively, over the two areas (see Figure 7) . The AIE manifested in CCF enhancement over the west coast of central South America is more evident in SON, which is consistent with the seasonal variations of AOT values in the region. The AIE manifested in CCF enhancement over the west coast of South Africa is more evident in JJA and SON, which are also the seasons that AOTs are in the highest values in the region. Thus, the AIE manifested clearly for all four cloud variables (CDER, COD, CWP, and CCF) together are in limited locations and with evident seasonal variations, but are generally consistent with the AOT seasonal variations. It is noticed that the AIE signatures observed in the correlation analysis for all months in Figure  5 seem to be more evident and consistent than for individual seasons in Figures 8-11 . As we pointed out above, the averaging processes involved in deriving long-term averaged data may damp AIE signatures as well as boost the effect of cloud dynamics. We suspect the cloud dynamic effect is more It is noticed that the AIE signatures observed in the correlation analysis for all months in Figure  5 seem to be more evident and consistent than for individual seasons in Figures 8-11 . As we pointed out above, the averaging processes involved in deriving long-term averaged data may damp AIE signatures as well as boost the effect of cloud dynamics. We suspect the cloud dynamic effect is more The AIE manifested in CCF enhancement in CH-NPO and AS areas (identified in Figure 5d ) is more evident (see Figure 11 ) in MAM and JJA, respectively. MAM and JJA are the season that AOTs are also in the highest values, respectively, over the two areas (see Figure 7) . The AIE manifested in CCF enhancement over the west coast of central South America is more evident in SON, which is consistent with the seasonal variations of AOT values in the region. The AIE manifested in CCF enhancement over the west coast of South Africa is more evident in JJA and SON, which are also the seasons that AOTs are in the highest values in the region. Thus, the AIE manifested clearly for all four cloud variables (CDER, COD, CWP, and CCF) together are in limited locations and with evident seasonal variations, but are generally consistent with the AOT seasonal variations.
It is noticed that the AIE signatures observed in the correlation analysis for all months in Figure 5 seem to be more evident and consistent than for individual seasons in Figures 8-11 . As we pointed out above, the averaging processes involved in deriving long-term averaged data may damp AIE signatures as well as boost the effect of cloud dynamics. We suspect the cloud dynamic effect is more prominent in the seasonal scale than in the monthly scale while the AIE signature is reversed. As a result, the AIE signature is less clear and consistent in the correlation based on the seasonal mean values than that based on the monthly mean values. More in-depth studies in the future are needed to confirm this hypothesis.
Regional Survey
Twenty-one regions in both coastal and remote oceans marked by the red boxes in Figure 1 are selected for a regional survey study of AIE. These regions are listed in Table 1 for their geographic bounds. Regions 1-19 (coastal oceans), 20 (remote ocean), and 21 (remote ocean) cover an area of 10( latitude)ˆ10˝(longitude), 10˝(latitude)ˆ120˝(longitude), and 10˝(latitude)ˆ80˝(longitude), respectively. Figure 12 shows the regional averages of CDER vs. AOT for long-term averaged monthly mean values in the 21 regions. It is seen CDER systematically decreases with AOT increases from the remote marine regions (19, 20, 21) with relatively clean air to the offshore regions under the strong influence of continental aerosols, such as the dust in Region 11 (west coast of north Africa), the biomass burning in Region 12 (west coast of central Africa), and the industrial pollution and dust in Region 13 (Arabian Sea) and Region 15 (northeast coast of China). The AOT values in these regions also fall in the AIE sensitive Regime 2 identified above. Unlike long-term averaged monthly mean CDER, no monotonic changes of COD, CWP, and CCF with AOT are observed in these twenty-one regions.
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Twenty-one regions in both coastal and remote oceans marked by the red boxes in Figure 1 are selected for a regional survey study of AIE. These regions are listed in Table 1 for their geographic bounds. Regions 1-19 (coastal oceans), 20 (remote ocean), and 21 (remote ocean) cover an area of 10° (latitude) × 10° (longitude), 10° (latitude) × 120° (longitude), and 10° (latitude) × 80° (longitude), respectively. Figure 12 shows the regional averages of CDER vs. AOT for long-term averaged monthly mean values in the 21 regions. It is seen CDER systematically decreases with AOT increases from the remote marine regions (19, 20, 21) with relatively clean air to the offshore regions under the strong influence of continental aerosols, such as the dust in Region 11 (west coast of north Africa), the biomass burning in Region 12 (west coast of central Africa), and the industrial pollution and dust in Region 13 (Arabian Sea) and Region 15 (northeast coast of China). The AOT values in these regions also fall in the AIE sensitive Regime 2 identified above. Unlike long-term averaged monthly mean CDER, no monotonic changes of COD, CWP, and CCF with AOT are observed in these twenty-one regions. Table 1 .
Persistent marine stratus and stratus-cumulus cloud decks are frequently observed off the coasts of California (Region 1) and Southwest Europe (Region 10) and the intensive campaign studies of aerosol and cloud interaction have been performed in these two regions [16, 23, 28, [79] [80] [81] . Figure 13 shows AOT vs. CDER for the monthly mean data averaged for Regions 1 and 10 over the time period from 1981 to 2011. The AOT values for the two regions indeed fall in AIE sensitive Regime 2 and there is clearly a decreasing trend of CDER along with AOT increase due to AIE. The negative correlation observed in Figure 13 is the AIE signature in the temporal space while the negative correlation observed in Figure 12 is the AIE signature in the spatial space. Table 1 .
Persistent marine stratus and stratus-cumulus cloud decks are frequently observed off the coasts of California (Region 1) and Southwest Europe (Region 10) and the intensive campaign studies of aerosol and cloud interaction have been performed in these two regions [16, 23, 28, [79] [80] [81] . Figure 13 shows AOT vs. CDER for the monthly mean data averaged for Regions 1 and 10 over the time period from 1981 to 2011. The AOT values for the two regions indeed fall in AIE sensitive Regime 2 and there is clearly a decreasing trend of CDER along with AOT increase due to AIE. The negative correlation observed in Figure 13 is the AIE signature in the temporal space while the negative correlation observed in Figure 12 is the AIE signature in the spatial space. In addition to the two coastal oceanic regions shown in Figure 13 , we only find another four coastal oceanic regions among the 21 selected regions that show evident negative correlation between AOT and CDER. There is no evident positive correlation between AOT and COD (CWP, CCF) being found in the 21 regions. The linear correlation slope and correlation coefficient between AOT and CDER for the six coastal oceanic regions with evident negative correlation between AOT and CDER along with the typical aerosol types in the six regions are listed in Table 2 . Table 2 . The linear correlation slope and correlation coefficient for the six coastal oceanic regions with evident negative correlation between AOT and CDER among the 21 regions selected for AIE regional survey study. The typical aerosol types in the six regions are also listed in the last column.
Region
Linear The prominent advantage of using the long-term satellite CDR products for the correlation studies on the aerosol and cloud interaction is that we can examine the temporal trends of aerosol and cloud variables and investigate AIE in the context of long-term trend, which is not possible using satellite observations over shorter time periods. We will focus our trend study on the statistical linear tendency of CDER corresponding to AOT due to their evident correlation over global oceans identified in the above sections. The real tendencies of AOT and CDER may be much more complex than the statistical linear model. However, the linear trend allows for a simple approximation of the direction and magnitude of the changes in the data and may be adequate for many practical purposes. Results from the linear trend studies are not only commonly used by scientists but are also familiar to policy makers and the public. Thus, it is important to examine the climate change issues under such a linear model. We have successfully applied this linear trend analysis on the investigation of global and regional AOT changes and trends in some previous studies [67] [68] [69] 82 ]. In addition to the two coastal oceanic regions shown in Figure 13 , we only find another four coastal oceanic regions among the 21 selected regions that show evident negative correlation between AOT and CDER. There is no evident positive correlation between AOT and COD (CWP, CCF) being found in the 21 regions. The linear correlation slope and correlation coefficient between AOT and CDER for the six coastal oceanic regions with evident negative correlation between AOT and CDER along with the typical aerosol types in the six regions are listed in Table 2 . Table 2 . The linear correlation slope and correlation coefficient for the six coastal oceanic regions with evident negative correlation between AOT and CDER among the 21 regions selected for AIE regional survey study. The typical aerosol types in the six regions are also listed in the last column. 
Trend
The prominent advantage of using the long-term satellite CDR products for the correlation studies on the aerosol and cloud interaction is that we can examine the temporal trends of aerosol and cloud variables and investigate AIE in the context of long-term trend, which is not possible using satellite observations over shorter time periods. We will focus our trend study on the statistical linear tendency of CDER corresponding to AOT due to their evident correlation over global oceans identified in the above sections. The real tendencies of AOT and CDER may be much more complex than the statistical linear model. However, the linear trend allows for a simple approximation of the direction and magnitude of the changes in the data and may be adequate for many practical purposes. Results from the linear trend studies are not only commonly used by scientists but are also familiar to policy makers and the public. Thus, it is important to examine the climate change issues under such a linear model. We have successfully applied this linear trend analysis on the investigation of global and regional AOT changes and trends in some previous studies [67] [68] [69] 82] .
Here, we give a brief description on the linear trend analysis used in this study and a detailed description of linear trend analysis can be found in the literature (e.g., [83] [84] [85] ). The linear change of a variable, such as CDER, is often measured with the linear trend (LT) in the unit of absolute (or percentage) changes per decade. CDER LT is the slope of linear regression line for the time series of monthly averaged CDER. We adopt the commonly used decision rule that a detectable trend is indicated at the 5% significance level or 95% confidence level, when |LT/σ| > 2 [85] . Here, σ is the standard deviation of CDER LT. It is difficult to determine σ from the observational data directly so that, as a first order approximation, we use the standard deviation (ε) of monthly averaged LT as σ after adjusting the unit of ε to match the unit of LT. We further name LT/σ ratio as the "significance" of CDER LT in this paper. A significance >+2 (or <´2) indicates the increasing (or decreasing) tendency detected is above 95% confidence level. Figure 14 shows the global distribution of AOT linear trend (top panel) and the significance (bottom panel). It is seen that AOT increases evidently over the past three decades in the east coast of China, Arabian Sea, Bay of Bengal due to the industrial pollutions associated with fast economic growth in China and India. Evident AOT increases also observed over the west coast of central Africa and Southeast Asia due to the biomass burning. The AOT increase in these regions is above 95% confidence level. Distinct AOT reduction is observed over nearly the whole North Atlantic Ocean, especially over the east coast of USA and the coastal regions of Europe due to more rigid emission control in the developed countries. The AOT contributed from dust particles over the west coast of Sahara also tends to decrease in the past 30 years. Here, we give a brief description on the linear trend analysis used in this study and a detailed description of linear trend analysis can be found in the literature (e.g., [83] [84] [85] ). The linear change of a variable, such as CDER, is often measured with the linear trend (LT) in the unit of absolute (or percentage) changes per decade. CDER LT is the slope of linear regression line for the time series of monthly averaged CDER. We adopt the commonly used decision rule that a detectable trend is indicated at the 5% significance level or 95% confidence level, when |LT/σ| > 2 [85] . Here, σ is the standard deviation of CDER LT. It is difficult to determine σ from the observational data directly so that, as a first order approximation, we use the standard deviation (ε) of monthly averaged LT as σ after adjusting the unit of ε to match the unit of LT. We further name LT/σ ratio as the "significance" of CDER LT in this paper. A significance >+2 (or <−2) indicates the increasing (or decreasing) tendency detected is above 95% confidence level. Figure 14 shows the global distribution of AOT linear trend (top panel) and the significance (bottom panel). It is seen that AOT increases evidently over the past three decades in the east coast of China, Arabian Sea, Bay of Bengal due to the industrial pollutions associated with fast economic growth in China and India. Evident AOT increases also observed over the west coast of central Africa and Southeast Asia due to the biomass burning. The AOT increase in these regions is above 95% confidence level. Distinct AOT reduction is observed over nearly the whole North Atlantic Ocean, especially over the east coast of USA and the coastal regions of Europe due to more rigid emission control in the developed countries. The AOT contributed from dust particles over the west coast of Sahara also tends to decrease in the past 30 years. The corresponding global distribution of CDER linear trend (top panel) and the significance (bottom panel) is shown in Figure 15 . Evident CDER decreasing trend is observed over the east coast The corresponding global distribution of CDER linear trend (top panel) and the significance (bottom panel) is shown in Figure 15 . Evident CDER decreasing trend is observed over the east coast of China due to enhanced AIE from AOT increase in the region. CDER increasing trend is observed over nearly the whole North Atlantic Ocean, especially over the east coast of USA, the coastal regions of Europe, and the west coast of Sahara. CDER increasing trend over these regions is due to the AIE compression since evident AOT decreasing is also observed over these regions. It is interesting to note that evident CDER decreasing trend is also observed over the broad oceanic regions extending from the west coasts of South/North America to the remote east oceanic regions of South/North Atlantic Ocean, which probably is also caused by the AIE enhancement since AOT increasing tendency (even though below 95% confidence level) is dominant in these regions (see Figure 14) . Although AOT increasing trend is not significant in these regions but the AOT values (see Figure 1 ) are in the AIE sensitive Regime 2, which may still trigger active AIE and produce clear CDER decreasing trend. Likewise, evident CDER decreasing trend is also observed in the latitude belt between 20˝S and 40˝S of Indian and Atlantic Oceans, where AOT increasing trend is the dominant feature but below 95% confidence level. Since AOT values in these regions also fall in the AIE sensitive Regime 2, a minor AOT enhancement also produces intensive AIE and distinct CDER decreasing trend. of China due to enhanced AIE from AOT increase in the region. CDER increasing trend is observed over nearly the whole North Atlantic Ocean, especially over the east coast of USA, the coastal regions of Europe, and the west coast of Sahara. CDER increasing trend over these regions is due to the AIE compression since evident AOT decreasing is also observed over these regions. It is interesting to note that evident CDER decreasing trend is also observed over the broad oceanic regions extending from the west coasts of South/North America to the remote east oceanic regions of South/North Atlantic Ocean, which probably is also caused by the AIE enhancement since AOT increasing tendency (even though below 95% confidence level) is dominant in these regions (see Figure 14) . Although AOT increasing trend is not significant in these regions but the AOT values (see Figure 1 ) are in the AIE sensitive Regime 2, which may still trigger active AIE and produce clear CDER decreasing trend. Likewise, evident CDER decreasing trend is also observed in the latitude belt between 20°S and 40°S of Indian and Atlantic Oceans, where AOT increasing trend is the dominant feature but below 95% confidence level. Since AOT values in these regions also fall in the AIE sensitive Regime 2, a minor AOT enhancement also produces intensive AIE and distinct CDER decreasing trend. 
Summary and Conclusions
More than 30-year of satellite aerosol and cloud climate data records have been used to study the aerosol indirect effect of marine water clouds (mainly stratus and stratocumulus) over the global ocean from a climatology perspective. Correlation studies between aerosol optical thickness and cloud parameters (CDER, COD, CWP, and CCF) are performed and the long-term trend of AIE over the global ocean is examined for the first time using satellite observations. Three regimes of global AOT have been determined to identify potential AIE manifestation in CDER: (1) AOT < 0.08, where CDER increases with AOT; (2) 0.08 < AOT < 0.3, where CDER generally decreases when AOT increases; and (3) AOT > 0.3, where CDER first increases with AOT and then levels off. The AIE is 
More than 30-year of satellite aerosol and cloud climate data records have been used to study the aerosol indirect effect of marine water clouds (mainly stratus and stratocumulus) over the global ocean from a climatology perspective. Correlation studies between aerosol optical thickness and cloud parameters (CDER, COD, CWP, and CCF) are performed and the long-term trend of AIE over the global ocean is examined for the first time using satellite observations. Three regimes of global AOT have been determined to identify potential AIE manifestation in CDER: (1) AOT < 0.08, where CDER increases with AOT; (2) 0.08 < AOT < 0.3, where CDER generally decreases when AOT increases; and (3) AOT > 0.3, where CDER first increases with AOT and then levels off. The AIE is manifested as CDER decreasing with AOT increasing only in Regime 2, which is the most common regime and defined as the AIE sensitive/effective regime. Although the AIE manifested in CDER is a global phenomenon, it is more evident over land and coastal oceans heavily influenced by continental aerosols arising from wind-blown dust, biomass burning, and industrial emissions. The AIE clearly manifested together in CDER and COD is evident in seasonal variations and located in limited areas: including a swath extending from the east coast of China to the North Pacific Ocean at about 20˝N-40˝N latitudes (CH-NPO area) and a swath extending from the east coast of USA to the North Atlantic Ocean at about 25˝N-40˝N latitudes (US-NAO area). The AIE clearly manifested together in all four cloud variables (CDER, COD, CWP, and CCF) is also observed in CH-NPO area. The intensity and spatial coverage are greatly reduced for COD, CWP, and CCF.
For the coastal oceanic areas, such as offshore California and southwest Europe, with persistent marine stratus and stratus-cumulus cloud decks and continent aerosol outflows where AOT is in Regime 2 (0.08 < AOT < 0.3), the AIE manifested in CDER is evident. This finding over ocean is similar to that found by Feingold et al. [27] over land. They noticed the response of CDER to aerosol loading in Brazilian biomass burning regions is the greatest in the region where AOT is relatively small.
A trend analysis based on the 30-year data record is presented. A decreasing (increasing) trend of CDER (AOT) is observed over the east coast of China. An increasing (decreasing) trend of CDER (AOT) is observed over nearly the whole North Atlantic Ocean, especially over the east coast of USA, the coastal regions of Europe, and the west coast of Sahara. A distinct CDER decreasing trend is also observed over the broad oceanic regions of South and North American west coasts and in the latitude belt between 20˝S and 40˝S of the Indian and Atlantic Oceans even though only a minor AOT increase is identified in these regions, although their AOT values are in the AIE sensitive Regime 2.
There are two caveats in our global statistical analysis based on long-term averaged monthly mean data. The first is the averaging process whose longer temporal period may damp or obscure the cloud-aerosol interaction signatures as well as make some features associated with the cloud dynamic effect more distinct. This enhanced cloud dynamic effect may also smear the AIE signatures in the long-term averaged observations. Thus, the major objective of the current study is to identify AIE signatures retained in the long-term averages and to detect the long-term trend of these AIE signatures. The aim is not to provide the physical mechanisms of AIE from the current global statistical analysis. Even though the analysis of instantaneous observations or short-term averaged data is more suitable for examining the physical mechanisms of AIE, the global statistical analysis and trend detection of AIE signatures are also important elements of the overall climate impact of aerosol-cloud interactions, which depend on long-term global observations. The second is related to the collocation of aerosol and cloud observations. Since aerosol retrievals are performed only for the clear-sky conditions, the collocation error of aerosol and cloud may impact the correlation analysis based on the long-term averaged data. This is especially true for any specific geographic location. Thus, we are very cautious on the interpretation of the strong regional correlation features between AOT and the cloud variables. Only those correlation features consistent for multiple cloud variables are interpreted as possible AIE signatures. Thus, it is important to identify AIE signatures for multiple cloud variables (such as CDER, COD, CWP, and CCF) and check the consistency of these signatures in both global and regional scales as well as in both spatial and temporal spaces.
It is generally agreed that AIE is a local to regional scale process acting on a short time scale. Therefore the instantaneous observations (or the data averaged in a short time period) over a regional scale should retain more AIE signatures than the global data averaged over a long time period. However, the fact that AIE signatures are retained in the global long-term averaged data does suggest that the regional and short time scale aerosol-cloud interaction process does contribute to the long-term global climate signal. Investigations of the physical mechanisms of aerosol-cloud interactions using the instantaneous or short-term observations at regional scales are clearly necessary. However, this paper makes the case that the study of the climate impact of aerosol-cloud interaction using long-term averaged global observations is also necessary. Studying AIE radiative forcing from a climatology perspective also becomes possible by using the AIE climatology identified in the current correlation and trend analysis, which will be our future work. The observational results from the current study will also benefit the modeling studies of aerosol-cloud interaction, especially in the context of the long-term climate effect.
